We report the Ni 2p x-ray photoelectron spectra of NiO thin films grown on different oxide substrates, namely, SiO 2 , Al 2 O 3 , and MgO. The main line of the Ni 2p spectra is attributed to the bulk component, and the shoulder at 1.5 eV higher binding energies to the surface component. The spectra of the NiO thin films show strong differences with respect to that of bulk NiO. The energy separation between the main peak and the shoulder increases with the substrate covalence. This indicates the strong covalent interactions between the NiO thin films and the oxide substrates, and reflects changes in the bonding at the interface from a more ionic to a more covalent interaction. These conclusions are supported by cluster model calculations with a reduced O 2p-Ni 3d hybridization.
I. INTRODUCTION
The main aim of this work is to study the electronic structure of the interfaces formed by the deposition of NiO thin films on selected oxides, namely, SiO 2 , Al 2 O 3 , and MgO. The experimental technique used in the study was Ni 2p x-ray photoelectron ͑XPS͒ spectra. Recent results on the electronic structure of nanostructured NiO have shown that the lower symmetry at the NiO surface produces a splitting of the unoccupied e g states, as observed by means of the O 1s x-ray absorption ͑XAS͒. 1 Besides, it has also been shown that the contribution to the Ni 2p XPS spectrum of the pyramidaly coordinated Ni atoms located at the NiO surface overlaps with the known shoulder at 1.5 eV higher binding energy from the main line in the Ni 2p XPS spectra of NiO, 2 thus giving an important surface contribution to the shoulder. These results open up a different scope in the interpretation of the Ni 2p XPS spectra in nanoscopic systems such as NiO/oxide interfaces. By taking advantage of the above interpretations, we show below that the Ni 2p XPS spectra of the NiO/oxide interfaces formed at very low NiO coverage on the selected oxide not only contain a strong interface character, but also reflect the influence of the covalent bonding at the interface.
NiO is a very interesting material and its electronic structure has been controversial for years. Its electronic structure gives rise not only to interesting catalytic and magnetic properties, but also to complex line-shape spectra, in particular, in photoemission. NiO is a 3d 8 charge transfer oxide where the ground state is a mixture of 3d 8 +3d 9 L គ +3d 10 L គ 2 states. [3] [4] [5] Accordingly, the final state of the Ni 2p photoemission spectrum of NiO shows three peaks labeled as c គ3d 8 , c គ3d 9 L គ , and c គ3d 10 L គ 2 in Fig. 1 . The spectrum presents a shoulder shifted 1.5 eV toward higher binding energies from the main line, whose interpretation is still controversial. Indeed, this additional peak has been assigned to many different final states in the literature. Nowadays, the most accepted interpretation of this shoulder is that it is due to a nonlocal screening process from neighbors in a Ni 7 O 36 cluster. 6 This model explains several experiments involving Ni x Mg 1−x O and NiO / MgO systems, [7] [8] [9] but, in turn, does not explain the absence of the shoulder in the Ni 2p XPS spectrum of La 2 NiO 4 , which corresponds to a purely octahedral Ni compound. 10 However, as mentioned above, recent experimental results on NiO surfaces have provided important keys in the interpretation of the Ni 2p XPS spectra. Whereas the main line intensity comes from the Ni atoms octahedrally coordinated in the bulk, part of the intensity of the shoulder, labeled Surface + Non-Local in Fig. 1 , comes from the pyramidally coordinated Ni atoms at the NiO surface. 2 This surface effect has been explained in terms of cluster model calculations with reduced symmetry in which the c គ3d 9 L គ line calculated for a NiO 5 cluster ͑pyramidal symmetry͒ shifts by 1 eV to higher binding energies with respect to the same line calculated for a NiO 6 cluster ͑octahedral symmetry͒. The reduced symmetry model also predicts a splitting of the unoccupied Ni e g states at the NiO surface. 1 As we show below, the interpretation of the experimental Ni 2p XPS spectra of the NiO/ oxide interfaces presented here is completely consistent with the above results.
Oxide thin films have become key materials in many technological applications such as catalysis, magnetic supports, materials with unique mechanical and thermal properties, sensors, etc. In all these applications, the control of the growth of the thin films is of extreme importance. In particular, the knowledge of the mechanisms influencing the growth at the interface could lead to the control of the thin film final properties. Therefore, the study of oxide/oxide interfaces seems to be well justified. In spite of this impact, studies on oxide/oxide interfaces have been scarce in the literature until the appearance of several works on oxide surfaces in the early 1990s. [11] [12] [13] [14] In these works, the authors proposed the growth of thin oxide films on a conductive support in order to avoid charging problems during the characterization of the oxides. Since then, many works on oxide thin films have been done using different characterization techniques, in particular, x-ray and electron spectroscopies. 15 NiO/oxide systems have been extensively studied, but mainly related to the preparation of supported catalysts. [16] [17] [18] In particular, the growth of thin NiO films on MgO has been studied in more detail. 9, [19] [20] [21] [22] [23] NiO has been found to grow epitaxially on MgO ͑100͒ single crystal. Studies on the electronic structure by XPS during the growth process of NiO on MgO ͑100͒ show that for a coverage of 1 ML, the main line of the Ni 2p XPS spectra is narrowed and slightly shifted to higher binding energies. In one of the studies, this effect was explained in terms of nonlocal screening, 9 whereas in another work, this peak was assigned to the c គ3d 9 -3d ͑where 3d stands for a hole in the Ni 3d orbitals͒ final state configuration. 20 Structural studies on NiO grown on MgO ͑001͒ show that, initially, the overlayer NiO lattice grows coherently until a critical thickness of 60 nm is reached, at which relaxation of the NiO lattice occurs. 22 On the other hand, the work of Warot et al. 23 shows that NiO grows forming different nanostructures depending on the MgO surface orientation, giving wires for MgO ͑110͒ and tetrahedrons for MgO ͑111͒.
In the work presented here, the oxide substrates have been prepared as thin films following different conventional methods on conductive supports. We have to note that these substrates do not present a long range order being polycrystalline. In spite of that, a lot of important information can be extracted from the Ni 2p XPS spectra of these nonordered systems. The oxide substrates ͑SiO 2 , Al 2 O 3 , and MgO͒ have been chosen according to the nature of their chemical bonding ͑from a more covalent to a more ionic character͒. Interesting trends in terms of covalency-ionicity of the substrates have already been observed by us in the study of the electronic structure of TiO 2 / oxide interfaces with synchrotron radiation spectroscopies. 24, 25 
II. EXPERIMENTAL DETAILS
NiO has been progressively grown on the corresponding oxide, paying special attention to the early stages of growth for very low coverage. At these stages, the effect of the substrate can be clearly observed. Successive evaporations were followed by the measurement of the XPS spectra. NiO was grown on the substrates by reactive thermal evaporation of Ni at room temperature in an oxygen atmosphere of 1 ϫ 10 −5 mbar. The evaporation rate was kept low enough to allow the study of the early stages of growth in detail. As mentioned above, we have used thin films of the oxides prepared on conductive materials and following conventional methods as substrates. The silica substrate consisted of a 200 Å thin film of amorphous SiO 2 grown by dry oxidation of a p-doped Si ͑111͒ wafer. The Al 2 O 3 substrate was an ultrathin film, about 25 Å thick, grown by thermal oxidation of a pure polycrystalline Al foil at 350°C for 30 min. MgO was deposited on a p-doped Si ͑111͒ wafer by reactive evaporation of Mg at room temperature. The quality of the substrates was previously checked by XPS and did not show any appreciable contamination. The coverage and thickness of the NiO deposits was determined by quantitative analysis of the XPS inelastic peak shape following the method described by Tougaard by means of the QUASES software. 26 A bulk NiO reference sample was also grown on a highly oriented pyrolytic graphite ͑HOPG͒ substrate using the above method and then annealed at 400°C for 30 min in an oxygen atmosphere ͑1 ϫ 10 −5 mbar͒. It has been shown elsewhere 27 that with this method, a stoichiometric NiO thin film can be grown on HOPG.
The XPS measurements were performed using a CLAM4 electron energy analyzer and a Mg K␣ x-ray source from Thermo-Scientific. The pass energy was set to 20 eV in order to have an acceptable count rate with a reasonable energy resolution, except for the spectrum of the NiO single-crystal shown in Fig. 1 , where the pass energy was set to 10 eV. The survey and core level spectra from the NiO deposits were measured for quantitative and qualitative analyses. A Shirley background was removed from the Ni 2p XPS spectra by using a conventional software. Since charging of the sample was progressively increasing with the successive evaporations, an absolute energy calibration for all series of spectra was difficult to perform. Thus, the spectra were calibrated using the main line of the Ni 2p XPS spectrum of NiO at 854.5 eV binding energy. Atomic force microscope ͑AFM͒ images were measured in dynamic mode ͑tapping͒ using Nanotec's microscope and software. 28 
III. RESULTS AND DISCUSSION
The AFM images of the three substrates are shown in Fig.  2 . The silicon oxide shows flat areas with a few contaminants, some of them, prior to the oxide growth, produce a small depression in the oxide around. The roughness is less than half a nanometer as expected from the oxidation of a polished Si single crystal. The Al 2 O 3 oxide has an intermediate roughness of 39 nm, which is consistent with the roughness of an oxidized Al polycrystalline sheet. The largest value of the rms roughness corresponds to the MgO substrate ͑165 nm͒. The relatively large roughness for the MgO substrate is produced by the formation of faceted crystallites of about 1 m size.
The Ni 2p 3/2 XPS spectra for large NiO coverages, approximately 100 equivalent monolayers ͑ML͒, on the corresponding oxide substrates are shown in Fig. 3 . We have also included the bulk NiO reference spectrum, in Fig. 3͑a͒ , for comparison purposes. In general, all the spectra have the same structures observed in the spectrum of the NiO single crystal shown in Fig. 1 , although this was measured with a higher energy resolution. In order to analyze the peak intensities, we have fitted the spectra using three conventional curves: one for the main line at 854.5 eV, another for the shoulder at 856.0 eV, and a third one to simulate the chargetransfer satellite at 861.5 eV. It is worth noting that although, according to the literature, the shoulder is separated by 1.5 eV from the main line, our fittings give a broad Lorentzian-like peak with intensity ratio of I sat / I main = 1.97, and separated by 1.72 eV from the main line for the shoulder of the NiO single crystal ͑Fig. 1͒. For the spectrum of the NiO thin film shown in Fig. 3͑a͒ , the intensity ratio is 2.44 eV and the energy separation is 1.83 eV. This small disagreement can be related to the lack of long range order in the NiO thin film. Further, the NiO thin film has a larger effective surface than the NiO single crystal so that, according to the model suggested in Ref. 2, the surface component should be slightly higher. The broad line shape of the shoulder ͑2.85 eV͒ is consistent with a model in which the contributions of nonlocal and surface effects to the Ni 2p XPS spectra overlap in the energy region of the shoulder. Finally, since all the spectra of the NiO thin films grown on the oxide substrates in Fig. 3 are almost identical, we can conclude that a stoichiometric NiO thin film can be grown on any of the selected oxide substrates, and shows the same electronic structure as bulk NiO.
The most important features of the experiment appear for a very low coverage. Figure 4 shows the Ni 2p 3/2 XPS spectra of the early stages of growth ͑0.5-0.8 ML͒ of NiO on the different oxide substrates. The spectrum of bulk NiO, in Fig.  4͑a͒ , was also included for comparison. In this case, the spectra of the NiO submonolayers do not match the spectrum of bulk NiO. The spectra for the MgO and Al 2 O 3 substrates show that the main line is formed by a broad single peak instead of a double peak, whereas the spectrum for the SiO 2 substrate presents the double peak, but the relative intensity of the shoulder is much higher than for the bulk spectrum. We have to note that the spectrum of the NiO submonolayer grown on the MgO substrate agrees perfectly with the other spectra reported in the literature for this system. 9, 20 If one looks at the fittings for the MgO and Al 2 O 3 substrates in Fig.  4 , it can be observed that both the main line and the shoulder are present in the spectra, but in theses cases the shoulder has a much higher intensity with respect to bulk NiO. These results agree with the idea that the shoulder comes mostly from the pyramidally coordinated Ni atoms at the surface of these nanostructured systems.
As mentioned above, we have performed quantitative analysis of the first stages of NiO growth on SiO 2 , Al 2 O 3 , and MgO by means of XPS inelastic peak shape analysis. As a first conclusion, the results in Fig. 5 reflect that the way of growth of NiO on all the substrates studied here is through the Stransky-Krastanov-like mode, i.e., growth of small islands of a determined height at the early stages of growth. This is in contrast to the layer-by-layer growth found for a MgO ͑100͒ single crystal. However, it can be explained as due to the formation of many nucleation centers at the grain boundaries of the polycrystalline material. The results suggest that small NiO aggregates ͑size below 22 Å͒ are formed on either substrate for equivalent NiO amount deposited below 1 ML. Therefore, it seems reasonable that the Ni 2p XPS spectra of these nanostructured NiO systems are dominated by the surface component, i.e., the shoulder. If we assume that the bulk component is directly related to the amount of octahedrally coordinated Ni atoms, its intensity should be proportional to the height of the NiO aggregates for each substrate. Indeed, this is also in agreement with the quantitative analysis shown in Fig. 5 . Even taking into account the errors given by the calculation method 29 and considering that the fittings are only an approach to the proposed model, it seems clear that larger NiO aggregates are formed on SiO 2 than on the other two substrates for the same equivalent NiO material on each substrate. Thus, for 1 ML NiO deposited on SiO 2 , the NiO aggregates can be considered of about 22 Å size, covering 12% of the surface, while on Al 2 O 3 and MgO, their sizes are 15%-20% smaller. The bulk component of the fittings presented in Fig. 4 clearly shows this trend.
Another interesting feature of the spectra shown in Fig. 4 is that the energy shift of the two components, main line and shoulder, is not constant throughout the series of spectra. In fact, the highest energy separation is obtained for the SiO 2 substrate ͑2.5 eV͒, whereas the lowest ͑1.3 eV͒ is found for the MgO substrate, and an intermediate value ͑1.7 eV͒ is observed for the Al 2 O 3 substrate. It is surprising that the energy separation between the bulk and surface components for the SiO 2 substrate is even higher than for bulk NiO ͑1.9 eV͒, whereas for the Al 2 O 3 and MgO substrates, these values are lower than for bulk NiO.
To understand this effect, we performed cluster model calculations of the Ni 2p XPS spectra. Starting from a NiO 6 cluster, the Ni 3d-O 2p overlap of the apical O atoms were progressively reduced ͑T apical / T basal = 1 corresponds to octahedral symmetry, 0.66 to pyramidal symmetry, and 0.33 to square planar symmetry͒. The ground state in the calculations was expanded in the 3d 8 , 3d 9 L គ , and 3d 10 L គ 2 configurations, where L គ denotes a symmetry adapted O 2p hole. 30 The final state was expanded in the c គ3d 8 , c គ3d 9 L គ , and c គ3d 10 L គ 2 configurations, where c គ here denotes a hole in Ni 2p core level. The Ni 2p photoelectron spectra were then calculated using the sudden approximation. 18 The parameters used in the cluster model calculation were the charge-transfer energy ⌬, the Mott-Hubbard repulsion U, the core-hole potential Q, and the p-d transfer integral ͑pd͒. 31 The multiplet splitting was obtained in terms of the Raccah parameters ͑B , C͒ and the crystal-field splitting 10Dq. The transfer of the x 2 − y 2 electron involved T basal , whereas the transfer of the z 2 level involved T apical . 32 A summary of the parameters used in the calculations is given in Table I .
The results of the calculations are shown in Fig. 6 , where the calculated Ni 2p XPS spectra are given as a function of T apical / T basal ratio. As noted above, T apical / T basal = 1 corresponds to octahedral symmetry, 0.66 to pyramidal symmetry, and 0.33 to square planar symmetry. For the bulk NiO 6 cluster, the calculation presents the standard c គ3d 9 L គ , c គ3d 10 L គ 2 , and c គ3d 8 peaks. For the surface NiO 5 cluster, the calculations show these peaks, but with smaller energy spread and an additional peak in the spectrum, due to the different hybridizations of the x 2 − y 2 and z 2 levels. The c គ3d 9 L គ peak has shifted by 1 eV from its value in octahedral symmetry, thus contributing to the shoulder intensity. The overall energy separation between the peaks is roughly given by ⌬E 2 = ͑Q − ⌬͒ 2 +4T eff 2 . Therefore, the smaller energy spread above is attributed to the reduced T eff in pyramidal symmetry.
The results of the calculations show that the main component of the Ni 2p XPS spectra comes from the octahedrally coordinated Ni atoms in the bulk, whereas the pyramidally coordinated atoms at the surface contribute at the shoulder energy, shifted around 1 eV. A further symmetry reduction ͑or a further covalence reduction͒ would produce an even larger shift. These results also help to explain our experimental results on the NiO overlayers on the different oxides.
According to the above calculations, the energy separation of the bulk ͑main line͒ and surface ͑shoulder͒ peaks decreases with the T apical / T basal ratio. This separation is related to the changes in the covalent interaction at the NiO/ oxide interface, being larger for the NiO overlayer on the more covalent SiO 2 substrate and smaller in the more ionic The above results have been successfully interpreted in terms of the surface and bulk components of the Ni 2p XPS spectra according to the model proposed in Ref. 2 . This model, as mentioned above, suggests that the shoulder has an important surface character, but the nonlocal effects cannot be neglected. However, in this work, the interpretation of the experimental results has been done in terms of surface and bulk components, corresponding to the shoulder and main component, respectively, of the Ni 2p XPS spectra. This is due to the nanostructured character and the high surface to volume ratio of the systems analyzed here. Thus, this model seems to be a suitable tool for the interpretation of the Ni 2p XPS spectra in NiO nanostructures.
In the following, we are going to explore the influence of other possible effects, such as quantum-size and structural effects. In the study of the similar TiO 2 / SiO 2 system, Lassaleta et al. 33 found an increase of the band gap for very low coverages. They attributed this shift to a combination of quantum-size and interface ͑cross-linking bonds͒ effects, however they pointed out that, in this case, the nature of the substrate is more important than the layer thickness. In our case, the Ni LMV Auger spectra for NiO grown on all substrates ͑not shown here͒ do not reveal any apparent energy shift. On the contrary, they also reflect a peak narrowing as in the case of the Ni 2p XPS spectra and are in complete agreement with the spectra reported by Sanz and Tyliev 20 for the growth of NiO on MgO ͑100͒. Therefore, quantum-size effects do not seem to play a significant role in the deposits studied in this work. The influence of structural effects in the Ni 2p XPS spectra should also be evaluated. For instance, Warot et al. 23 found that the surface morphology of the NiO overlayer depends on the surface orientation in different MgO single-crystal substrates. In our case, the AFM images of the MgO substrate shown in Fig. 2 indicate the formation of faceted crystallites of about 1 m with a random orientation. However, the fact that our spectra on these polycrystalline substrates completely match those obtained on MgO ͑100͒ single crystals 9, 6 indicates that surface orientation is not a dominant effect in this work. Other structural effects such as interface mixing, as well as geometry and lattice mismatch, could also be influencing the spectra. As pointed out by Towler et al., 30 small changes in the surface geometry can lead to significant effects on the initial states of the ions in oxide materials. Indeed, significant variations of the crystal field of the Ti atoms located at the TiO 2 / SiO 2 system have been observed by us by means of the Ti 2p XAS spectra. 24 However, these changes have also been explained in terms of a covalence reduction due to the different environment of the Ti atoms. Unfortunately, no data on the coordination of the Ni atoms at these NiO/oxide interfaces are available at the moment. However, the XPS spectra presented in this work are consistent with an octahedral coordination surrounded by a mixture of Ni and M atoms ͑M = Si, Al, and Mg͒ in the second coordination sphere and are supported by their resemblance with other published spectra. In this picture, the effect of cation intermixing and small lattice parameter variations due to the lattice mismatch would not change the conclusions of this work.
IV. CONCLUSIONS
In summary, we studied the electronic structure of selected NiO/oxide interfaces using the Ni 2p XPS spectra. The main peak in the spectra is related to the bulk component, whereas the shoulder corresponds to the surface component. For submonolayer NiO coverage, the spectra are dominated by the surface component, as expected. On the other hand, the bulk component in the spectra increases for larger NiO coverage. The energy separation between the surface and bulk components scales with the covalence of the substrate. This effect indicates a strong interaction of the NiO layers with the covalent substrates. The experimental trends can be understood using cluster model calculations of the Ni 2p XPS spectra. This demonstrates that this approach is a useful tool in the study of nanostructured NiO systems.
